The growth of Pseudomonas fluorescens NCIMB 11764 on cyanide as the sole nitrogen source was accomplished by use of a modified fed-batch cultivation procedure. Previous studies showing that cyanide metabolism in this organism is both an oxygen-dependent and an inducible process, with CO2 and ammonia representing conversion products, were confirmed. However, washed cells (40 mg ml-' [dry weight]) metabolized cyanide at concentrations far exceeding those previously described; 85% of 50 mM KCN was degraded in 6 h. In addition, two other C1 metabolites were detected in incubation mixtures; their identities were confirmed as formamide and formate by 13C nuclear magnetic resonance spectrocopy, high-pressure liquid chromatography, radioisotopic trapping experiments, and other analytical means. The relative yields of all four metabolites (CO2, formamide, formate, and ammonia) were shown to be dependent on the KCN concentration and availability of oxygen; at 0.5 to 10 mM substrate, CO2 was the major Cl product, whereas at 20 and 50 mM substrate, formamide and formate were principally formed. The latter two metabolites also accumulated during prolonged anaerobic incubation, suggesting that P. fluorescens NCIMB 11764 can elaborate several pathways of cyanide conversion. One is formally similar to that proposed previously (R. E. Harris and C. J. Knowles, FEMS Microbiol. Lett. 20:337-341, 1983), involving the oxygen-dependent conversion of cyanide to CO2 and ammonia. The other two, occurring in the presence or absence of oxygen, involve separate reactions to yield, respectively, formate plus ammonia or formamide. Since ammonia was detected essentially under all reaction conditions and no further evidence that formamide was further degraded was obtained, the utilization of cyanide as a provisional nitrogen source is presumed to proceed via ammonia as an assimilatory substrate.
A number of reports of the isolation of bacteria capable of growth on cyanide as the sole nitrogen source have appeared. Growth on both free cyanide (HCN or CN-) (5, 8, 13, 14, (27) (28) (29) and metal-cyanide complexes {[M(CN)4f2-, where M21 is a metal} (5, 22, 23) has been reported. Harris and Knowles (8, 10) , for example, described the isolation of a number of cyanide-utilizing pseudomonads from soil, one of which, Pseudomonas fluorescens NCIMB 11764, con- verted KCN into products that included ammonia and carbon dioxide. The isolation of another cyanide-utilizing pseudomonad from a chemostat supplied with coke plantactivated sludge has also been reported (28) . This organism, described as a methylotroph because of its ability to grow on methanol as a sole carbon source, also converted cyanide into ammonia, but in this case formate as opposed to CO2 was identified as a metabolic by-product. Neither the latter organism nor strain NCIMB 11764 was capable of utilizing cyanide as the sole carbon and energy source, probably because at the concentrations needed for this purpose, cyanide is too toxic (8, 16) . Once formed, ammonia is presumed to be assimilated by conventional pathways involving glutamine synthetase (EC 6.3.1.2)-glutamine:2-oxoglutarate aminotransferase (EC 1.4.1.13) and glutamate dehydrogenase (EC 1.4.1.3) enzymes (21, 26) .
Although ammonia has been identified as a common end product of cyanide metabolism by several organisms (8, 10, 13, 28) , the nature of the carbon-containing by-product and any potential conversion intermediates is less clear. On the basis of the following observations, Knowles and coworkers (9, 10, 15, 16) proposed that initial cyanide attack in P. fluorescens NCIMB 11764 was oxygenase mediated. First, washed cell suspensions and cell extracts did not catalyze the conversion of cyanide under anaerobic conditions. Second, cyanide turnover by cell-free preparations appeared to be correlated with simultaneous oxygen uptake and consumption of reduced pyridine nucleotide (NADH). Thus, the following conversion pathways leading ultimately to CO2 and NH3 and involving either monooxygenative or dioxygenative attack (equations 1 and 2, respectively) were proposed: 
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It was further proposed that cyanate (cyanic acid), formed as a hypothetical reaction product of monooxygenation, was further metabolized by an enzyme resembling cyanase (EC 3.5.5.3), but further substantiation of this proposal has not proved possible (2, 10) . Since unequivocal proof for either of these mechanisms of cyanide transformation by P. fluo-rescens NCIMB 11764 has not been forthcoming, additional studies were undertaken to better define the mechanism of cyanide transformation. The present work supports earlier research in which CO2 and ammonia were identified as bioconversion products of cyanide metabolism. Further evidence is now also provided that formamide and formate represent additional metabolic products, implying that more than one pathway of cyanide transformation can be elaborated by this organism.
MATERIALS AND METHODS Growth of cells. The source of P. fluorescens NCIMB 11764 and the minimal medium used for the cultivation of cells have previously been described (8, 17) . Cells grown on KCN (1 to 2 liters) as the sole nitrogen source were cultivated by use of a modification of the fed-batch procedure described previously (23 (4) . A colorimetric method was also used to determine formamide on the basis of its conversion to the corresponding ferric hydroxamate (6, 24) . For this purpose, 0.1 ml of sample was incubated for 10 min at 60°C with 0.2 ml of a 1:1 mixture of 3.5 N NaOH and 2.3 M hydroxylamine hydrochloride. To this mixture was added 0.1 ml of 4 N HCl and 0. Reactions were initiated by the injection of 1 to 2.5 ,uCi of K14CN (47 mCi mmol-1) into 1 ml of cell suspension contained in a 50-ml serum stoppered flask fitted with a center well. Nonisotopic KCN was also added to bring the substrate concentration to the desired level (0.5 to 50 mM). When the reactions were complete, as determined by simultaneous colorimetric assays, 0.3 ml of 4 N NaOH was injected into the center well to trap volatile CO2 and the flask was incubated for an additional 15 min. At the end of this time, the contents of the center well and main compartment of the flask were removed and fractionated with BaCl2 to recover volatile and nonvolatile products. For this purpose, 0.5 ml of the contents of the main compartment was centrifuged for 2 min in a microcentrifuge. Cell-associated radioactivity (cell pellet fraction) was determined after resuspending the pellet in 0.5 ml of phosphate buffer and VOL. 58, 1992 then adding this suspension to scintillation fluid. The supernatant (0.3 ml) was combined with 0.12 ml of 0.1 N NaOH plus 0.03 ml of 40% BaCl2 for 5 min, and this mixture was separated into fractions designated main-compartment alkaline barium precipitate (containing bicarbonate) and maincompartment alkaline barium soluble (containing formamide plus formate) after centrifugation. After the pellet (alkaline barium precipitate) was washed with 0.2 ml of 0.12 N NaOH and the washing combined with the supernatant (alkaline barium soluble), the pellet was resuspended in 0.5 ml of 0.12 N NaOH and both it and the supernatant sample were added to scintillation fluid. (19, 25, 28) . In addition, both biological products showed a doublet pattern when analyzed in the gated decoupled mode, consistent with the expected coupling between a single carbon and a proton nucleus found in each compound. Coupling constants (J1l3C_H; Fig. 3 ) were further found to be the same as those for authentic compounds and as described previously (1, 11 Fig. 4 ).
incubations were performed with boiled cells (10 min at 95°C) or with cells incubated in the absence of substrate. Table 1 shows the results obtained when cell suspensions were supplied with different concentrations of KCN and the products quantitated when reactions were essentially complete. The time required for conversion, as might be expected, varied with the concentration of KCN supplied, but in each instance, ammonia, formamide, and formate could be detected. Calculations to determine the reaction stoichiometries revealed that 62 to 94.6% of the cyanide-derived nitrogen equivalents were recovered as ammonia and formamide. However, analogous efforts to account for the total amount of cyanide-derived carbon equivalents recovered (molar sum of formamide and formate) fell far short of 100%. It was hypothesized that this result might have been due to the fact that CO2 represented an additional reaction product, as already had been indicated from separate 13C NMR experiments (Fig. 3) . To further verify this possibility and determine the relative yield of CO2 in comparison with other products formed, we performed separate incubations with radiolabelled cyanide as a substrate and determined the amount of radioactivity recovered in volatile (14CO2) and nonvolatile (14C-labelled formamide and "C-labelled formate) products. For this purpose, reactions were allowed to proceed nearly to completion, as ascertained from simultaneous colorimetric measurements for cyanide, and the amount of radioactivity recovered in different incubation fractions was determined (see Materials and Methods). The results of these experiments are summarized in Fig. 4 . At 5 and 10 mM KCN, approximately 70% of the available radioactivity was recovered as a volatile product, presumed to be CO2. In contrast, at 20 and 50 mM KCN, less CO2 appeared to be made and most of the radioactivity (45 and 75%, respectively) was present in the nonvolatile fraction, presumed to contain labelled formamide and formate. On the basis of the results obtained from these types of experiments, it was possible to estimate the amount of nonradioactive CO2 produced in separate incubations with nonradioactive KCN, where the amount of formamide and formate (plus ammonia) had already been determined chemically. When these values were incorporated into the data shown in Table 1 (Fig. 2) , it seemed appropriate to (i) determine whether prolonged anaerobic incubation might lead to the accumulation of any metabolites and (ii) compare the relative product ratios with those obtained for cells incubated aerobically. To accomplish this, we incubated cyanide-grown cells anaerobically with KCN until approximately 90% of the available substrate had been consumed, at which time reaction mixtures were analyzed for metabolic products. The results of these determinations (Table 2) showed that in each experiment, the time required (8, 10) revealed that the cultivation of cells on cyanide as the sole nitrogen source could be achieved under fed-batch conditions in which the concentration of cyanide was not allowed to build up to toxic levels. A related fed-batch procedure for the cultivation of cells was also used in the present work (Fig. 1 ). This procedure, based on carefully timed additions of KCN to batch cultures, resulted in the rapid consumption of cyanide, but growth, as measured by increases in cell density, lagged somewhat behind. We interpret these growth kinetics to mean that several metabolic events may be involved in the assimilation of cyanide as a growth substrate. Earlier reports (8, 10) that cyanide was converted to ammonia during growth could not be duplicated, probably because, once formed, ammonia is rapidly metabolized and does not accumulate.
Although ammonia accumulation during growth was not observed, the identification of ammonia as a biological reaction product was successfully accomplished in washedcell experiments. Under these conditions, molar yields of ammonia ranging from 40% to almost 70% were observed ( Table 1 ). The formation of ammonia was further shown to occur in concert with cyanide consumption (Fig. 2) . These findings are therefore consistent with earlier reports describing ammonia as an end product of cyanide conversion by strain NCIMB 11764. Its identification further helps to explain how cyanide can serve as a provisional nitrogen source, since ammonia is readily assimilated by this organism.
Additional experiments with washed-cell suspensions revealed that cyanide-grown cells of NCIMB 11764 were capable of catalyzing the conversion of cyanide at concentrations far exceeding those described in previous investigations. For example, KCN supplied at concentrations as high as 100 mM (6,510 ppm) was removed from incubation mixtures. Preliminary indications are that cyanide is degraded at rates approaching 2 to 5 nmol min-1 mg-1 of cell dry weight, depending on the substrate concentration. Results which showed that conversion was markedly reduced under anaerobic conditions and did not occur when cells were cultivated on ammonia (Fig. 2) are consistent with earlier observations (8, 10, 16) , from which it was concluded that cyanide transformation by NCIMB 11764 is both an inducible process and an oxygen-dependent process. The identification of CO2 as the major carbon-containing conversion product by both '3C NMR analysis (Fig. 3) and radioisotopic trapping experiments (Fig. 4 ) also supports previous work in which this compound was identified as a major reaction product. However, this is the first report demonstrating that CO2 and ammonia are not the only products of cyanide conversion by this organism. In addition, formamide and formate were also identified by 13C NMR spectroscopy (Fig. 3) , HPLC analysis, and other analytical methods. This discovery, taken together with data on product stoichiometries determined under different reaction conditions (Tables   1 and 2 ), provides strong evidence that additional pathways besides the putative oxygenase-mediated mechanism proposed previously (2, 9, 10, 15, 16) can be elaborated by strain NCIMB 11764. We propose three possible mechanisms of cyanide conversion by this organism (Fig. 5) . The (0.5 to 10 mM) (Fig. 4 (13) ; it is also similar to that reported for the cyanide-utilizing Pseudomonas species isolated by White et al. (28) . Finally, conversion to formamide is analogous to the cyanide transformation described for phytopathogenic fungi and mediated by the enzyme cyanide hydratase (EC 4.2.1.66) (7, 15) . This is the first report, to our knowledge, that bacteria are also able to carry out this transformation. The reasons why P. fluorescens NCIMB 11764 forms more than one cyanide-degrading system are not known, but together these systems undoubtedly provide a strong selection advantage for both detoxification and nutritional assimilation. Further insights into this question will await the resolution and further characterization of the responsible enzymes.
